Plexin C1 is a type I transmembrane receptor with intrinsic R-Ras GTPase activity, which regulates cytoskeletal remodeling and adhesion in normal human melanocytes. Melanocytes are pigment-producing cells of the epidermis, precursors for melanoma, and express high levels of Plexin C1, which is lost in melanoma in vitro and in vivo. To determine if Plexin C1 is a tumor suppressor for melanoma, we introduced Plexin C1 into a primary human melanoma cell line, and phenotypes including migration, apoptosis, proliferation and tumor growth in mice were analyzed. Complimentary studies in which Plexin C1 was silenced in human melanocytes were performed. Plexin C1 significantly inhibited migration and proliferation in melanoma, whereas in melanocytes, loss of Plexin C1 increased migration and proliferation. In mouse xenografts, Plexin C1 delayed tumor growth of melanoma at early time points, but tumors eventually escaped the suppressive effects of Plexin C1, due to Plexin C1-dependent activation of the pro-survival protein Akt. R-Ras activation stimulates melanoma migration. Plexin C1 lowered R-Ras activity in melanoma and melanocytes, consistent with inhibitory effects of Plexin C1 on migration of melanocytes and melanoma. To determine if R-Ras is expressed in melanocytic lesions in vivo, staining of tissue microarrays of nevi and melanoma were performed. R-Ras expression was highly limited in melanocytic lesions, being essentially confined to primary melanoma, and almost completely absent in nevi and metastatic melanoma. These data suggest that loss of Plexin C1 in melanoma may promote early steps in melanoma progression through suppression of migration and proliferation, but pro-survival effects of Plexin C1 ultimately abrogate the tumor suppressive effects of Plexin C1. In primary melanoma, loss of Plexin C1 may function in early steps of melanoma progression by releasing inhibition of R-Ras activation, and stimulating migration.
INTRODUCTION
Plexin receptors are a family of type I transmembrane proteins (A-D) that bind to semaphorins. [1] [2] [3] Plexin receptors were identified based on their homology to the extracellular domain of the scatter factor receptors, and their cytoplasmic domains are highly conserved. 1, 4 While they do not have intrinsic kinase activity, the intracellular domain of Plexins contain an intrinsic Ras-GTPase activating (GAP) domain, resulting in exchange of GTP for GDP on M-Ras and R-Ras. [5] [6] [7] [8] A recent report shows that Plexin receptors also have Rap1-GAP activity, with particularly high levels of Rap1-GAP activity in Plexin C1. 9 Binding sites for Rhoguanine nucleotide exchange factors and Rho-GAPs have also been identified in the cytoplasmic domain of Plexin receptors, which mediate pleiotropic effects on cell migration, and neurite outgrowth through regulation of Rho and Rac activity. 10, 11 Semaphorins are a large family of transmembrane and secreted proteins that are ligands for Plexin receptors and were originally identified in the nervous system. 12 Depending upon the semaphorin, they bind both neuropilin and Plexin receptors, or Plexin receptors alone, to mediate their effects.
Plexin C1, also known as Virus-encoded semaphorin protein receptor, is an B210 kDa transmembrane receptor expressed by human melanocytes, neurons, neutrophils, dendritic cells and pre-osteoblasts. [13] [14] [15] [16] Plexin C1 is a receptor for vaccinia virus A39R protein, and stimulates intracellular adhesion molecule-1 expression and cytokine production from human monocytes. Plexin C1 inhibits neutrophil phagocytosis, indicating a potential immune function for Plexin C1. 17 Plexin C1 plays a role in the partitioning of paraventricular and supraoptic neurons in the hypothalamus, as indicated by specific defects seen in mice deleted for Plexin C1, and is involved in neural guidance. 18, 19 The naturally occurring ligand for Plexin C1 is unclear. Semaphorin 7A (Sema7A) shares homology with A39R, and the crystal structure of Sema7A-Plexin C1 complex shows interaction of the ligandreceptor pair through their respective Sema domains, with Plexin C1 dimerization upon ligand binding in vitro. 20 Binding of Sema7A to Plexin C1 inhibits integrin activation in monocytes, melanocytes and other cell types; Sema7A also binds to b1-integrins, stimulating adhesion and dendrite outgrowth. 15, 16, 21, 22 In melanocytes, Plexin C1 suppresses the activity of cofilin, an actin binding protein necessary for adhesion and migration, and decreases melanocyte adhesion and dendricity, supporting a role for Plexin C1 in regulating cytoskeletal remodeling in normal human melanocytes. 16, 23 Melanoma is a highly aggressive tumor derived from melanocytes, in which ultraviolet irradiation plays an important inductive role. 24 We recently reported that Plexin C1 is lost in melanoma cells lines in part through DNA methylation, a common mechanism for silencing of tumor suppressor proteins, and in a large panel of primary and metastatic melanoma tumors from human subjects. 23, 25, 26 Near total loss of Plexin C1 expression was observed in metastatic melanoma, with graded loss of Plexin C1 in primary melanoma, with expression inversely correlating with tumor depth of invasion. Somatic mis-sense mutations and copy number loss of Plexin C1 have also been identified in subjects with metastatic melanoma. 26 Because Plexin C1 regulates cytoskeletal remodeling in human melanocytes, loss of Plexin C1 could promote melanoma progression through effects on cell adhesion and migration. In this report, we determined functional effects of introduction of Plexin C1 into a human melanoma cell line that lacks the receptor, including analysis of Plexin C1 on R-Ras and Rap1 activity in melanocytic cells. Our results support a role for Plexin C1 as a tumor suppressor protein for early steps in melanoma tumor growth, and suggest that suppression of R-Ras activity by Plexin C1 is a potential mechanism by which Plexin C1 blocks early steps in melanoma progression.
RESULTS
Plexin C1 regulates migration in melanoma and melanocytes Full-length human Plexin C1 receptor was introduced into C32 primary melanoma cells using a lentiviral vector, and a mixed population of transduced cells ('M1') was used at early passage numbers (3) (4) (5) . Controls consisted of cells expressing empty vector ('LacZ'). We directly compared melanoma cells expressing Plexin C1 with normal human melanocytes established from neonatal foreskins, in which Plexin C1 was silenced. Plexin C1 expression in M1 cells was lower than melanocytes, but was easily detectable on the cell membrane of C32 cells (Figure 1a) . Expression of Plexin C1 had no discernable effects on cellular morphology of melanoma, although increased dendricity of melanocytes was observed in Plexin C1 silenced cells, as previously described (Figure 1b) . 16 To determine the effects of Plexin C1 on migration, cells were placed in serum-free media overnight (melanoma), or media without growth factors or serum (melanocytes) for 24 h, then plated in the top well of a migration chamber in basal media and allowed to migrate towards media containing 10% fetal bovine serum for 18 h ( Figure 1c ). As expected, melanoma cells migrated significantly faster than normal melanocytes. Introduction of Plexin C1 reduced migration of melanoma cells by 30% compared with LacZ controls (P ¼ 0.0002), although they still showed greater migration than melanocytes. Silencing of Plexin C1 in melanocytes doubled migration compared with non-target controls (P ¼ 0.0001). Plexin C1 had no effects on invasion of melanoma through Matrigel, or on colony formation in soft agar (data not shown). The addition of Sema7A to the top well of the chamber had no effect on migration of melanoma cells or melanocytes, regardless of Plexin C1 expression, even at doses as high as 200 ng/ml (data not shown).
Plexin C1 regulates R-Ras activation in melanocytes and melanoma Plexin C1 has intrinsic R-Ras and Rap1 GAP activity. 7, 9 Because R-Ras and Rap1 regulate melanoma migration, [27] [28] [29] [30] we determined if Plexin C1 regulates the activation of R-Ras and Rap1 in melanoma. The steady-state levels of R-Ras and Rap1 protein were similar in melanocytes and melanoma, with higher levels of R-Ras compared with Rap1 ( Figure 2A) . Other melanoma cell lines tested (WW165 and WM115) showed similar results (data not shown). Cells were serum starved (melanoma) or grown in medium without growth factors or serum (melanocytes) for 24 h before affinity capture of GTP-R-Ras. Surprisingly, melanocytes had significantly higher levels of active R-Ras compared with C32 melanoma ( Figure 2B ). Even when melanoma cells were analyzed under growth conditions containing serum, levels of active R-Ras were higher in melanocytes (data not shown). Plexin C1 expression was inversely correlated with activation of R-Ras in melanocytes and melanoma. Silencing of Plexin C1 doubled levels of active R-Ras in melanocytes, and expression of Plexin C1 in melanoma lowered active R-Ras by almost 40%. In both cell types, changes in R-Ras-GTP were significant (Po0.05) compared with controls. Active Rap1 was not detected in melanoma, regardless of Plexin C1 expression, or culture conditions (Supplementary Figure 1) .
Because the expression of R-Ras in tissues in vivo is quite restricted, the significance of Plexin C1-dependent regulation of Shown is a 12% SDS-PAGE. Levels of R-Ras and Rap1 are similar in melanocytes and C32 melanoma, with higher levels of R-Ras compared with Rap1. (B) Affinity pull down of R-Ras performed on lysates of LacZ and M1 cells, and melanocytes silenced for Plexin C1 (B300 mg). A representative blot (n ¼ 3) and densitometry, is shown. Melanocytes have higher levels of GTP-R-Ras under basal conditions compared with melanoma (arrow), which was further increased by silencing Plexin C1. In melanoma, detectable GTP-R-Ras was identified in control cells, which was completely lost in cells expressing Plexin C1. Shown is a 12% SDS-PAGE blotted for R-Ras. (C) R-Ras expression in melanocytic lesions in vivo. Shown are representative photomicrographs of nevi, primary melanoma and metastatic melanoma stained for R-Ras and counterstained with hematoxylin. The majority of nevi and metastatic melanoma did not expression R-Ras (a, i), but those that did showed strong staining (b, j). Expression of R-Ras in primary melanoma was frequently observed (c-h), with particularly strong, membranous staining in the in situ component of early (pT1) melanomas (inset). Asterisks show macrophages with ingested melanin, which also expressed R-Ras. Arrows show R-Ras on the cell membrane. Bar B1 mm. (D) R-Ras expression, shown as an averaged intensity score (IS) for primary melanoma by pathologic stage, and metastatic melanoma (MM). Differences in R-Ras expression between primary melanomas pT1 and pT2-pT4 are significant, as are differences between primary melanomas (pT1-pT4) and metastatic melanoma. Each bar represents the average IS ± s.e.m.
R-Ras in melanoma was further explored through analysis of R-Ras expression in melanocytic lesions from patient samples. Immunohistochemical stained tissue microarrays of nevi, primary melanoma and metastatic melanoma showed that R-Ras expression is highly restricted in the skin, being absent in the epidermis, appendages, smooth muscle, lymphocytes and endothelial cells, and was only detectable in resident skin macrophages. In fact, R-Ras expression was essentially restricted to the melanocytic cells within the lesions ( Figure 2C ). R-Ras was predominantly expressed in primary melanoma, in which 40/77 (52%) of tumors expressed R-Ras. R-Ras was identified on the plasma membrane of melanoma, with particularly strong expression in the in situ (intra-epidermal) compartment. When intensity scores (IS) of R-Ras expression in primary melanoma were broken down by pathologic stage, 73% of pT1 melanomas expressed R-Ras with an average IS of 0.69 (±0.44), compared with melanomas pT2 and higher, in which only 11/38 (29%) expressed R-Ras, with an average intensity score of 0.28 ± 0.04 (Po0.001; Figure 2D ). Only 1/26 (4%) nevi (IS 0.11±0.01) and 5/37 (14%) metastatic melanomas expressed R-Ras. Differences in R-Ras expression between primary melanoma, and metastatic melanoma and nevi were highly significant (Po0.0001).
Plexin C1 negatively regulates proliferation but protects melanoma from apoptosis To determine if Plexin C1 regulates cell proliferation, cells were plated onto Purcol-coated coverslips in complete media and proliferation was assessed by Click-IT analysis 18 h later. Figure 3a shows the percentage of Edu-positive nuclei in C32 melanoma cells expressing Plexin C1, and in melanocytes silenced for Plexin C1. Melanoma cells expressing Plexin C1 showed a 45% decrease in proliferation compared with LacZ controls (P ¼ 0.006). Melanocytes in which Plexin C1 was silenced showed a 45% increase in proliferation compared with non-target controls (P ¼ 0.01). Levels of active Erk1/Erk2 were unchanged in melanoma cells expressing Plexin C1 compared with LacZ controls, and Plexin C1 did not induce senescence of melanoma, as evaluated by senescence associated b-galactosidase expression (Figure 3b) .
Plexin B1, a receptor that shares 30% homology with Plexin C1, activates the phosphotidyl-inositol-3 (PI3)-kinase-Akt pathway and protects melanoma from cisplatin-induced apoptosis. 30 To determine if Plexin C1 renders melanoma resistant to apoptosis, C32 melanoma expressing Plexin C1 were treated with cisplatin for 48 h. Floating cells were collected and combined with adherent cells, and the presence of cleaved caspase-3 were determined. Plexin C1 rendered melanoma cells relatively resistant to cisplatininduced apoptosis, as shown by reduced levels of active caspase-3 in treated cells (Figure 4a ), which was also observed in cells treated for 24 h (Supplementary Figure 2) . Basal levels of active Akt were higher in melanoma cells expressing Plexin C1, and were further induced by treatment with cisplatin (Figure 4b ), suggesting that sustained activation of Akt by Plexin C1 rendered cells relatively resistant to cisplatin. Akt is phosphorylated and activated by the PI3-kinase pathway. To determine if Plexin C1 activates PI3-kinase, cells were treated with cisplatin (14 mM) for 24 h in the presence of the PI3-kinase inhibitor LY294002, and caspase-3 levels were determined ( Figure 4c ). As expected, cisplatin induced more apoptosis in LacZ cells compared with M1 cells, as shown by greater expression of activated caspase-3. Inhibition of PI3-kinase further increased apoptosis in LacZ cells, but had only a minor effect on apoptosis in M1 cells, consistent with higher levels of PI3-kinase activity in melanoma cells expressing Plexin C1. Plexin C1 delays tumor formation in mice Our studies show that expression of Plexin C1 in a human melanoma cell line inhibits two key steps of melanoma progression, migration and proliferation, but renders them more resistant to apoptosis through PI3-kinase-dependent Akt activation. To determine if Plexin C1 suppresses tumor progression in vivo, we measured tumor formation in NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ mice. Cells were injected bilaterally into the flanks of mice (n ¼ 5) and development of palpable tumors and tumor volume were documented weekly. Plexin C1 significantly delayed development of tumors at weeks 2 and 3 compared with tumors from LacZ-expressing control cells (Po0.05), and tumor volume was also significantly reduced at weeks 2-4 (Figure 5a ). At 5 weeks, however, all mice had developed tumors on both flanks, and tumor weights and volumes were not significantly different from control mice. To determine if loss of Plexin C1 in M1 xenografts accounted for loss of tumor suppressive effects, tumors were stained for Plexin C1 (Figure 5b ). Tumors derived from M1 cells retained Plexin C1 expression at the time of sacrifice. Hematoxylin and eosin-stained sections of tumors showed geographic areas of necrosis in LacZ controls, which was more extensive than that seen in M1 xenografts. TUNEL staining of tumors showed less apoptosis in M1 xenografts compared with LacZ controls, consistent with in vitro data showing that Plexin C1 suppresses apoptosis (Figure 5c ).
DISCUSSION
We are interested in Plexin C1 because it is expressed at high levels in normal human melanocytes in vitro and in vivo, regulates melanocyte adhesion and is lost in melanoma in subjects in vivo. Plexin C1 expression is down-regulated by low doses of ultraviolet-B irradiation (personal observations), suggesting that UV-dependent regulation of Plexin C1 may promote melanoma initiation or progression. The purpose of this work was to test the hypothesis that Plexin C1 suppresses melanoma progression. In this report, we show that Plexin C1 delays tumor progression in mouse xenografts, and through in vitro studies have identified a role for Plexin C1 in the regulation of melanoma proliferation and migration. Perhaps because Plexin C1 is a large receptor, we obtained only modest expression in C32 cells, and despite several attempts, we were unable to achieve expression in other melanoma cell lines. However, the receptor was correctly localized to the plasma membrane of transductants, and expression was retained in xenograft tumors. Analysis of effects of Plexin C1 silencing in melanocytes were performed as complimentary studies to over-expression of the receptor in melanoma.
Plexin C1 negatively regulated migration in melanoma and normal melanocytes. In combination with prior studies demonstrating that Plexin C1 regulates melanocyte adhesion and dendricity, 16, 23 the data suggest that a primary effect of Plexin C1 in melanocytic cells is regulation of cytoskeletal organization. Plexin C1 negatively regulated proliferation in melanoma, without changes in activation of Erk1/Erk2. This is consistent with our previous report in melanocytes, in which knockdown of Plexin C1 had no effect on Erk1/Erk2 activation. 23 C32 cells have a V600E mutation in BRAF, a driver mutation that chronically activates the MAP kinase pathway. 31 These data suggest that Plexin C1 suppresses cell proliferation through regulation of signaling pathways independent of MAP kinase. Our studies are the first to demonstrate that Plexin C1 regulates the activity of R-Ras in melanoma, and the first to demonstrate effects of a Plexin receptor on R-Ras activity in a normal human primary cell (melanocytes). Although Plexin C1 has Rap1-GAP activity, 9 we were unable to detect Rap1-GAP activity in melanoma cells, regardless of Plexin C1 expression. R-Ras increases integrin receptor affinity 32, 33 and the activity of Rho and Rac, which are critically important in cell adhesion and directed migration. 34, 35 Because R-Ras promotes melanoma progression through binding to filamin A, 28 Plexin C1 may negatively regulate melanoma and melanocyte migration through R-Ras-dependent changes in multiple downstream targets. There are little data on the expression of R-Ras in human tissues in vivo. R-Ras was not detected in the epidermis, or in endothelial cells, lymphocytes, melanocytes or smooth muscle in the skin, but was expressed in dermal macrophages. Because R-Ras is expressed almost solely in primary melanomas in vivo, coordinated loss of Plexin C1 in primary melanoma, 23, 25 and de novo expression and activation of R-Ras, may function to promote attachment and migration to extracellular matrix or basement membranes, promoting progression.
Somewhat surprisingly, normal melanocytes had higher basal levels of R-Ras activity, compared with melanoma. Similar observations were made when melanocytes were compared with the melanoma cell line WW165 (unpublished observations). Treatment with cisplatin and LY294002 induced much higher levels of apoptosis in LacZ compared with M1 cells, indicating that resistance to apoptosis by Plexin C1 is due to higher levels of PI3-kinase activity. Shown are lysates reolved on 12% SDS-PAGE and blotted for caspase-3. Results are representative of two separate experiments.
Melanocytes are cultured in growth-factor rich medium, whose effects may persist even 24 h after removal, which could account for high levels of resting GTP-bound R-Ras. The function of R-Ras in melanocytes remains to be explored. R-Ras, though expressed by melanocytes in culture, was not detected in melanocytes in skin in vivo, but was detected in transformed melanocytic cells of primary melanoma. Therefore, expression of R-Ras may occur in response to stress response pathways initiated by ultraviolet irradiation, or secondary to oncogenic transformation. Melanocytes are highly dendritic cells, and R-Ras activity is critically important for axon outgrowth and neurite formation. 36, 37 We speculate that in melanocytes, R-Ras controls dendricity either through regulation of Rac and Rho or through modulation of b1-integirn affinity, key regulatory molecules in melanocyte dendrite formation and maintenance. [38] [39] [40] Plexin C1 may therefore control melanocyte dendricity in part through regulation of R-Ras activity.
In mouse xenograft studies, Plexin C1 delayed, but did not eliminate, tumor formation. This is in contrast with Plexin B1, which completely blocks melanoma formation in the same mouse strain. 41 Similar to Plexin B1, Plexin C1 activates the PI3-kinase pathway, rendering cells more resistant to apoptosis, 30 consistent with lower levels of apoptosis in xenograft tumors from Plexin C1 expressing cells. Akt activation (Figure 4b ) by cisplatin has been previously described in several tumor cell lines, 42 and may be a mechanism for tumor resistance to the drug. Consistent with this, cisplatin induced Akt phosphorylation in C32 melanoma, which was greater in cells expressing Plexin C1 compared with controls, consistent with increased resistance of M1 cells to cisplatininduced apoptosis (Figure 4a ). Despite Akt activation, cisplatin induced apoptosis in C32 melanoma, suggesting that cisplatindependent apoptosis occurs through PI3-kinase-dependent andindependent pathways. In aggregate, our data suggest that Plexin C1 has tumor suppressor effects in early stages of melanoma progression, due to effects on proliferation and migration ( Figure 6a) . As tumors enlarge, and come under survival pressure due to lack of tumor blood supply, tumors expressing Plexin C1 survive and grow due to activation of the PI3-kinase Akt pathway, which renders them relatively resistant to apoptosis. Coordinated loss of Plexin C1, and expression of R-Ras in early primary melanoma, is expected to activate R-Ras, potentially promoting early steps in melanoma progression through enhanced migration and adhesion (Figure 6b ).
MATERIALS AND METHODS Reagents
PureCol was from Inamed Biomaterials (Freemont, CA, USA); the BCA Protein Assay kit was from Pierce Chemical (Rockford, IL, USA). Rabbit polyclonal antibodies to b-actin were purchased from Abcam (Cambridge, MA, USA); goat polyclonal antibodies againt the N-terminal region of Plexin C1 were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Rabbit polyclonal antibodies to Sema7A were purchased from Abcam. Rabbit polyclonal antibodies to phospho-AKT (Ser473) and total AKT, rabbit polyclonal antibodies to phospho-p44/42 MAPK (Erk1/Erk2) (Thr202/ Tyr204), mouse monoclonal antibodies to total Erk1/Erk2 and rabbit polyclonal antibodies to cleaved caspase-3 (Asp 175) were purchased from Cell Signaling Technology (Danvers, MA, USA). Rabbit polyclonal antibodies to R-Ras used for western blotting were a generous gift of Dr Andrew Chan (Medical College of Wisconsin), and are described in Argast et al. 41 R-Ras antibodies used for immunohistochemistry were purchased from Santa Cruz Biotechnologies (sc-523). Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse antibodies were purchased from Sigma Co. (St Louis, MO, USA). The Ras activation assay kit was purchased from Cytoskelton Inc. (Denver, CO, USA); the Rap1 activity assay was purchased from EMD Millipore Corp. (Billerica, MA, USA). The PI3-kinase inhibitor LY294002 was purchased from Cell Signaling Technology. Full-range rainbow molecular weight marker was purchased from Amersham Life Sciences (Arlington Heights, IL, USA). Polybrene was purchased from Santa Cruz Biotechnologies; cisplatin was purchased from Enzo Life Sciences (Farmingdale, NY, USA).
Cells and cell culture
Neonatal foreskins were obtained according to the University of Rochester Research Subjects Review Board guidelines and were the source of cultured human melanocytes. Human melanocytes were cultured in Opti-MEM (Gibco-BRL, Grand Island, NY, USA) containing: 5% FBS (fetal bovine serum; Atlanta Biologicals; Lawrenceville, GA, USA), 10 À 4 M iso-butylmethylxanthine (IBMX), Anti-Anti (Gibco-BRL), 2.5 nM Cholera Toxin, 0.1 mM dbcAMP, 25 ng/ml phorbol ester. C32 primary human melanoma cells were obtained from ATCC (Manassas, VA, USA) and were cultured in EMEM (BioWhittaker, Walkersville, MD, USA) and L-Glutamine (Lonza, Walkersville, MD, USA) with 10% FBS, Anti-Anti, and 1 mM sodium pyruvate (Invitrogen, Carlsbad, CA, USA). C32 cells harbor the V600E mutation in the BRAF gene. 31 
Establishment of melanoma cells expressing Plexin C1
The open reading frame of human Plexin C1 in Myc-DDK (RC211396; Origene Technologies, Rockville, MD, USA) was subcloned into the biscistronic lentiviral vector pLVX-IRES-NEO (Clontech, Grand Island, NY, USA). High titer replication-incompetent VSV-G-pseudotyped lentivirus was made using Lenti-X HT Packaging System in 293 FT cells (Clontech). Lentivirus-associated p24 ELISA kit (Cell Biolabs, San Diego, CA, USA) was used to quantitate virus. Cells were transduced with lentivirus at a multiplicity of infection of 2.5. Controls consisted of cells transduced with empty vector. Three days after transduction, selection with neomycin (Sigma Co.) was performed.
Silencing of Plexin C1
Human melanocytes were plated at 10 5 cells in a six-well plate. Cells were infected at 2.5 multiplicity of infection with MISSION Lentivirus particles (Sigma Co.) expressing shRNA in pLKO.1-CMV-neo, targeting human Plexin C1 (Clone TRCN0000060645). Cells infected with non-target shRNA (shRNA-NT) in Lentivirus were used as controls. Silenced cells were selected with neomycin.
Western blotting
Cells were lysed in RIPA buffer (150 mM NaCl, 1%NP-40, 0.5% DOC, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl) with protease inhibitors (Boehringer Mannheim, Gmbt, Germany) and protein was quantitated using bovine serum albumen as a standard (Bio-Rad Laboratories, Hercules, CA, USA). Protein was resolved on SDS-PAGE (polyacrylamide gel electrophoresis) gels and blotted using standard procedures. Visualization of the immunoreactive proteins was accomplished with an enhanced chemiluminescence reaction (Pierce Chemical, Rockford, IL, USA).
Construction and analysis of tissue microarrays
The project received Institutional Review Board exemption from the Human Subjects Review Board at the University of Rochester: Category 4 (45 CRF 46.101): secondary use of pre-existing data. Twenty-six cases of benign nevi, 77 cases of melanoma primary to the skin and 37 cases of metastatic melanoma were chosen from formalin-fixed, paraffinembedded archival material from Strong Memorial Department of Pathology. Three representative areas from each slide were chosen and 1 mm cores corresponding to these areas were sampled from each block. All nevi were dermal nevi; primary melanomas were pathologic state pT1 (n ¼ 36), pT2 (n ¼ 20), pT3 (n ¼ 8) and pT4 (n ¼ 13). Metastatic melanomas were from lymph nodes, (20/37), skin (9/37) and solid organs including lung, liver, bone and gut (8/37). Each stained core was examined under a light microscope by one of the authors (GS). Staining was quantified as absent (0), or present (1 þ ), and scores from the three cores were averaged to determine an intensity score (IS). Cores with o50% of tissue present were not scored.
Immunohistochemical staining for Plexin C1 and R-Ras Sections were de-paraffinized and endogenous peroxidase was quenched by incubation in 3% H 2 O 2 . Non-specific staining was blocked by incubation in non-protein blocking solution (Dako, Carpenteria, CA, USA). Antigen retrieval was performed by incubating the slides in Target retrieval Buffer (Dako), pH 6.0, at 98 1C for 15 min. Slides were incubated with goat polyclonal antibodies against Plexin C1 (1/100) or rabbit polyclonal antibodies against R-Ras (1/100) in antibody diluent for 1 h at room temperature. Sections were then incubated with biotin-conjugated species appropriate secondary antibodies for 30 min at room temperature followed by streptavidin horseradish-peroxidase (Vector Laboratories, Burlingame, CA, USA).
b-Galactosidase staining
Cells were plated onto PureCol-coated coverslips and allowed to attach for 24 h. Cells were placed in basal media for 24 h and stained for senescenceassociated b-galatosidase as previously described. 43 A minimum of 200 cells were evaluated for b-galatosidase expression by bright field microscopy and percent b-galatosidase expressing cells was determined. Because Plexin C1 suppresses R-Ras activity in melanoma and melanocytes, the final effect is predicted to be increased R-Rasdependent downstream phenotypes, including enhanced adhesion and migration.
Click-IT assays
Staining was performed on cells cultured on PureCol-coated coverslips by Click-IT assay (Invitrogen). Click-IT-positive nuclei were identified using a filter with excitation wavelength of 495 nm. Positive nuclei were counted in a minimum of 200 cells, and percent positive nuclei determined by dividing by total nuclei, identified by DAPI counter-staining, viewed with a filter with excitation wavelength of 341 nm.
Migration assays
In all, 96-well fluorometric migration assays were purchased from Millipore (Billerica, MA, USA). In all, 10 4 cells were plated in the upper well of a 96-well chamber and allowed to migrate across an 8-mm membrane towards media with 10% FBS. Migration assays were performed in triplicate wells.
TUNEL staining of tumor sections TUNEL uptake on formalin-fixed paraffin-embedded tumor sections was detected using the DeadEnd Flurometric TUNEL System (Promega, Madison, WI, USA). TUNEL-positive nuclei were visualized using a filter with excitation wavelength of 495 nm. Sections were counter-stained with DAPI, viewed with a filter with excitation wavelength of 341 nM.
Mouse xenograft studies NSG mice (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed in the animal facility at the University of Rochester Medical Center, in accordance to the animal care guidelines from the Division of Laboratory Animal Medicine at University of Rochester Medical Center. A total of 2 Â 10 6 melanoma cells were injected subcutaneously into both flanks of each mouse (n ¼ 5). Development of tumors was monitored weekly by palpation, and tumor length and width (in mm) were measured with calipers. Tumor volume was calculated as 4p (length Â width). Mice were killed 5 weeks after injection and tumors were harvested, measured and weighted.
Reverse transcription polymerase chain reaction and comparative real-time PCR 
Purification of Fc-tagged Sema7A
Fc-tagged Sema7A was isolated from culture supernatant of transfectants of 293FT cells (Invitrogen) as previously described. 16 The activity of the recombinant protein was analyzed by Erk1/Erk2 activation in normal melanocytes (Supplementary Figure 3) .
Statistical analysis
Differences between means were analyzed by two-tailed Student's t-test. A P-value o0.05 was considered significant. ABBREVIATIONS SD, standard deviation; Sema7A, Semaphorin 7A; SEM, standard error of the mean
